Pain can be effectively controlled by endogenous mechanisms based on neuroimmune interactions. In inflamed tissue immune cell-derived opioid peptides activate opioid receptors on peripheral sensory nerves leading to potent analgesia. This is brought about by a release of opioids from inflammatory cells after stimulation by stress or corticotropin-releasing hormone (CRH). Immunocytes migrate from the circulation to inflamed tissue in multiple steps, including their rolling, adhesion, and transmigration through the vessel wall. This is orchestrated by adhesion molecules on leukocytes and vascular endothelium. Intercellular adhesion molecule-1 [ICAM-1 (or CD54)] is expressed by endothelium and mediates adhesion and extravasation of leukocytes. The goal of this study was to show that ICAM-1 regulates the homing of opioid-producing cells and the subsequent generation of analgesia within sites of painful inflammation. This was accomplished using immunofluorescence, flow cytometry, and behavioral (paw pressure) testing.
Pain can be effectively controlled by endogenous mechanisms based on neuroimmune interactions. In inflamed tissue immune cell-derived opioid peptides activate opioid receptors on peripheral sensory nerves leading to potent analgesia. This is brought about by a release of opioids from inflammatory cells after stimulation by stress or corticotropin-releasing hormone (CRH). Immunocytes migrate from the circulation to inflamed tissue in multiple steps, including their rolling, adhesion, and transmigration through the vessel wall. This is orchestrated by adhesion molecules on leukocytes and vascular endothelium. Intercellular adhesion molecule-1 [ICAM-1 (or CD54)] is expressed by endothelium and mediates adhesion and extravasation of leukocytes. The goal of this study was to show that ICAM-1 regulates the homing of opioid-producing cells and the subsequent generation of analgesia within sites of painful inflammation. This was accomplished using immunofluorescence, flow cytometry, and behavioral (paw pressure) testing.
We found that ICAM-1 is upregulated on the vascular endothelium, simultaneously with an enhanced immigration of opioidcontaining immune cells into inflamed paw tissue. The intravenous administration of a monoclonal antibody against ICAM-1 markedly decreased the migration of opioid-containing leukocytes and of granulocytes, monocytes-macrophages, and T cells to the inflamed tissue. At the same time, circulating immunocytes increased in numbers, and macroscopic inflammation (hyperalgesia, paw volume, and paw temperature) remained primarily unchanged. Most importantly, peripheral opioid analgesia elicited either by cold water swim stress or by intraplantar administration of CRH was dramatically reduced. Together, these findings indicate that ICAM-1 expressed on vascular endothelium recruits immunocytes containing opioids to promote the local control of inflammatory pain.
Key words: adhesion molecules; intercellular adhesion molecule-1; opioids; endogenous; stress; analgesia; pain; inflammation It is now recognized that pain and pain modulation is not solely mediated by neurons but can involve neuroimmune interactions Watkins and Maier, 2000; DeLeo and Yezierski, 2001) . In inflammation, circulating immunocytes containing opioid peptides (predominantly ␤-endorphin) migrate to the injured tissue, and, concurrently, opioid receptors are upregulated on peripheral endings of primary afferents (Cabot et al., 1997 (Cabot et al., , 2001 Mousa et al., 2001; Rittner et al., 2001) . During stressful stimulation (cold water swim or postoperative stress), these cells locally secrete opioids to elicit potent and clinically relevant opioid receptor-specific analgesia devoid of central side effects (Stein et al., 1990a (Stein et al., , 1993 Rittner et al., 2001 ). An important endogenous trigger for stress-induced analgesia is corticotropinreleasing hormone (CRH) produced locally in inflammatory cells. CRH activates its receptors on leukocytes, leading to release of opioid peptides, which then activate peripheral opioid receptors to relieve pain (Schäfer et al., 1994 (Schäfer et al., , 1996 Cabot et al., 1997 Cabot et al., , 2001 ). Immunosuppression abolishes stress-and CRH-induced analgesia, demonstrating the functional relevance of immunocytes (Stein et al., 1990b; Przewlocki et al., 1992; Schäfer et al., 1994) .
The recruitment of leukocytes from the circulation to inflammatory foci involves interactions with vascular endothelium, which are orchestrated by adhesion molecules. Initially, selectins expressed on leukocytes and endothelial cells mediate leukocyte capture and rolling along the vessel wall. Subsequently, interactions between integrins and Ig-like members arrest the rolling cells and mediate firm adhesion, leading to their migration into sites of injury (Springer, 1990; Butcher and Picker, 1996; Petruzzelli et al., 1999) . Intercellular adhesion molecule-1 [ICAM-1 (or CD54)] is one of the major molecules required primarily for the firm adhesion and diapedesis of leukocytes (Springer, 1990; Butcher and Picker, 1996; Petruzzelli et al., 1999) . In addition, it is the most extensively studied adhesion molecule in antiinflammatory therapy. ICAM-1 is constitutively expressed by endothelium, leukocytes, and synovial lining cells in animal models and in patients with inflammatory diseases (Szekanecz et al., 1994; Bennett et al., 1997; Salmi et al., 1997; Veihelmann et al., 1999) . Blockade of ICAM-1 by monoclonal antibodies (mAbs), antisense oligonucleotides, or deletion of the ICAM-1 gene was shown to impair the migration of immunocytes to inflamed tissue and to decrease inflammation in animals and humans (Sligh et al., 1993; Kavanaugh et al., 1994; Bullard et al., 1996; Bennett et al., 1997) . More recently, we showed that adhesion mechanisms are not exclusively involved in mounting an immune response to pathogens but also in pain control. Thus, interruption of rolling by selectin blockade attenuated intrinsic opioid analgesia within injured tissue (Machelska et al., 1998) .
In this study, we sought to determine whether interfering with later steps in the adhesion cascade, i.e., with ICAM-1-dependent adhesion and transendothelial migration of opioid-expressing leukocytes, will affect opioid-mediated pain inhibition. To this end, we investigated the cellular coexpression of ICAM-1 and ␤-endorphin, and we evaluated the effects of an mAb against ICAM-1 (anti-ICAM-1) on the trafficking of opioid-containing immune cells and on peripheral stress-and CRH-induced opioid analgesia in a rat model of inflammatory pain.
MATERIALS AND METHODS
Animals. E xperiments were performed on male Wistar rats (140 -150 gm) (Freie Universität, Berlin, Germany) in accordance with the National Institutes of Health Guide for the Care and Use of Laborator y Animals and were approved by the local animal care committee. Rats were housed individually in cages and maintained on a 12 hr light /dark schedule, with food pellets and water ad libitum. Room temperature was maintained at 22 Ϯ 0.5°C and a relative humidity between 60 and 65%. Antibodies. For immunofluorescence the following antibodies (Abs) were used: polyclonal rabbit anti-rat ␤-endorphin (Peninsula Laboratories, Belmont, CA), monoclonal mouse anti-rat ICAM-1 (clone number 1A29; Seikagaku, Tokyo, Japan), and secondary Abs: goat anti-rabbit Texas Red-conjugated (anti-rabbit-Texas Red) and horse anti-mousefluorescein isocyanate (FI TC) (Vector Laboratories, Burlingame, CA). For flow cytometry, the following Abs were used: mouse IgG 2a , rat anti-mouse IgG 2aϩb -phytoerythrin (PE), mouse anti-rat: CD3-PE (T cell marker), CD4-PE, CD11b-FI TC (PharMingen / Becton Dickinson, Heidelberg, Germany), CD45-C yChrome (C yC) (all hematopoetic cell marker), RP-1-PE (granulocyte marker), ED1-FI TC (monocyte -macrophage marker) (Serotec, Oxford, UK), and mouse 3E7 (opioid peptides) (subtype IgG 2a ; Gramsch Laboratories, Schwabhausen, Germany). 3E7 was generated against ␤-endorphin and recognizes the pan-opioid sequence T yr-Gly-Gly-Phe-Met at the N terminus of opioid peptides (Gramsch et al., 1983) . All Abs used in flow cytometry are monoclonal. For behavioral experiments monoclonal mouse anti-rat ICAM-1 (Ab clone number 1A29; PharMingen / Becton Dickinson) (Tamatani and Miyasaka, 1990 ) and mouse IgG (Sigma, Deisenhofen, Germany) were used.
Induction and evaluation of inflammation. Rats received an intraplantar injection of 0.15 ml of Freund's complete adjuvant (C albiochem, La Jolla, CA) into the right hindpaw under brief halothane (Willy Rüsch GmbH, Böblingen, Germany) anesthesia. Paw volume and dorsal surface temperature were measured with a plethysmometer (Ugo Basile, Comerio, Italy) and a contact thermometer (Cooper Instrument, Middlefield, C T), respectively, and they were determined by averaging two consecutive trials (Stein et al., 1990a) . Nociceptive thresholds were assessed using the paw pressure algesiometer (modified Randall-Selitto test; Ugo Basile). The pressure required to elicit paw withdrawal, the paw pressure threshold (PP T) (cutoff at 250 gm), was determined by averaging three consecutive trials separated by 10 sec (Stein et al., 1990a) . All experiments were performed at 6 hr after induction of inflammation.
Immunofluorescence. The expression of ICAM-1 and ␤-endorphin in noninflamed and inflamed paw tissue was analyzed in rats (n ϭ 5-6 per group) that did not receive any intravenous injections and in rats that received intravenous anti-ICAM-1 or mouse IgG (both at 4 mg / kg in 0.6 ml of sterile water) under brief halothane anesthesia immediately before induction of inflammation. Six hours later, rats were deeply anesthetized with halothane and perf used transcardially (0.1 M PBS, followed by fixative solution: PBS containing 4% paraformaldehyde, pH 7.4). The skin with adjacent subcutaneous tissue was removed from both hindpaws, postfixed for 30 min at 4°C in the fixative solution, and cryoprotected overnight at 4°C in PBS containing 10% sucrose. The tissue was embedded in Tissue Tek compound (OC T; Miles, Elkhart, I N), frozen, cut into 7 m sections, mounted onto gelatin-coated slides, and processed for immunofluorescence (Mousa et al., 2000) . The sections were incubated with anti-ICAM-1 (1:200) alone or in combination with anti-␤-endorphin (1:1000) and then with secondary Abs. The sections were washed with PBS, mounted in Vectashield (Vector Laboratories), and viewed under a fluorescence microscope (Z eiss, Jena, Germany) with appropriate filters. The following control experiments were included: (1) preabsorption of anti-␤-endorphin with ␤-endorphin (Peninsula Laboratories), and (2) omission of either the primary or the secondary Abs (Mousa et al., 2000) .
The expression of ICAM-1 and ␤-endorphin was quantified by an observer blinded to the experimental protocol, using a Z eiss microscope (objective, 20ϫ; eyepiece, 10ϫ). The mean number of ICAM-1-expressing blood vessels and ␤-endorphin-expressing cells in three sections per animal and five squares (384 mm 2 for ICAM-1; 384 m 2 for ␤-endorphin) per section was calculated. The percentage of ICAM-1-stained vessels was determined according to the following formula: number of ICAM-1-stained vessels/number of all vessels ϫ 100 (Mousa et al., 2000) .
Flow c ytometr y. To assess the contribution of ICAM-1 in trafficking of opioid-containing immune cells, rats (n ϭ 6 -12 per group) received intravenously anti-ICAM-1 or mouse IgG (both at 4 mg / kg in 0.6 ml of sterile water) under brief halothane anesthesia immediately before induction of inflammation. To evaluate the involvement of ICAM-1 in immune cell migration under normal conditions, rats received the same intravenous treatment but without induction of inflammation. Six hours after treatments, blood samples (1 ml) were obtained by direct parasternal cardiac puncture under halothane anesthesia. Rats were then killed, and subcutaneous tissue was dissected from inflamed paws.
To obtain a single cell suspension, the tissue was cut into 1-2 mm pieces and digested (Rittner et al., 2001) . Because no immune cells were found in noninflamed paws, these were not processed for flow cytometry.
For surface staining, cells were incubated for 15 min at room temperature with anti-CD3-PE (4 g /ml) and anti-CD45-C yC (2 g /ml), washed, and fixed with PBS containing 1% paraformaldehyde. Intracellular staining was performed as described previously (Rittner et al., 2001) . C ells were permeabilized in PBS containing 0.5% saponin and 0.5% bovine serum albumin (Sigma) and subsequently incubated for 30 min at room temperature with the intracellular Abs (RP-1-PE, 6 g /ml; ED1-FI TC, 2 g /ml; or 3E7, 20 g /ml). For 3E7 staining, cell suspensions were stained with the secondary anti-mouse IgG 2aϩb -PE (1.5 g/ ml) for 30 min at room temperature. Negative controls included the replacement of the primary Ab with an isotype-matched irrelevant Ab (mouse IgG 2a ).
Aliquots of 100 l of blood were left unstained or incubated with two Abs: anti-CD4-PE (4 g /ml) and anti-CD11b-FI TC (10 g /ml) for 15 min at room temperature. The leukocyte subpopulations were identified as follows: granulocytes, CD4
Ϫ /CD11b ϩ ; monocytes-macrophages, CD4 ϩ /CD11b ϩ ; and T cells, CD4 ϩ /CD11b Ϫ . C ells were lysed and fixed with fluorescence activated cell staining (FAC S) lysing solution (PharMingen / Becton Dickinson) according to the instructions of the manufacturer. Granulocytes, monocytes-macrophages, and T cells were analyzed by forward-sideward scatter characteristics, as well as by expression of CD4 and CD11b.
To calculate absolute numbers of cells per paw and in circulating blood, the stained cell suspensions were analyzed together with a known number of fluorescent beads in a TRUC OUN T tube (PharMingen / Becton Dickinson). Numbers of cells per tube were calculated in relation to the known number of fluorescent TRUC OUN T beads and extrapolated for the whole paw. At least 10,000 FAC S events were collected in FAC Scan and analyzed using C ellQuest software (PharMingen / Becton Dickinson). To exclude nonviable and nonhematopoetic cells in the paw, only CD45 ϩ cells were analyzed. Behavioral e xperiments. To determine the contribution of peripheral opioid receptors in endogenous and CRH-induced analgesia, naloxone hydrochloride (N L X) (both from Sigma) was tested. Rats received an intraplantar injection of N L X (1.125 g) into the inflamed paw, and, 5 min later, they were subjected to cold (2-4°C) water swim stress for 1 min in a metal container (Stein et al., 1990a) . PP Ts were reevaluated at the time of their maximum elevation, i.e., 1 min after swim stress (Stein et al., 1990a) . In separate experiments, rats received bilateral intraplantar injections of CRH (4 ng), an agent triggering the release of opioid peptides from immune cells (Schäfer et al., 1994 (Schäfer et al., , 1996 C abot et al., 1997 . PP Ts were reevaluated at the time of their maximum elevation, i.e., 5 min after CRH (Schäfer et al., 1994) . Because CRH produced analgesia only in inflamed paws, the subsequent groups of rats received N L X (140 ng) concomitantly with CRH (4 ng) only into inflamed paws, and PP Ts were measured 5 min later. Baseline PP Ts were taken before all treatments. The doses of N L X and CRH chosen were the most effective in pilot experiments. Control rats were injected with an equivalent volume of vehicle and tested analogously. To confirm a peripheral site of action CRH (8 ng) or N L X (125 g in case of swim stress-and 140 ng in case of CRH-induced analgesia) were injected subcutaneously (volume, 0.2 ml) into an animal back and tested like after intraplantar injections.
To evaluate the involvement of ICAM-1 in peripheral opioid analgesia, rats received intravenous anti-ICAM-1 or mouse IgG (both at 2-8 mg/kg in 0.6 ml of sterile water) immediately before induction of inflammation. Six hours later, paw temperature was measured, baseline PP Ts were taken, and rats were subjected to swim stress. PP Ts were reevaluated 1 min later, and paw volume was measured thereafter. In separate experiments, rats received CRH (4 ng) into inflamed paws (instead of swim stress), and PP Ts were reevaluated 5 min later.
Intraplantar (volume, 0.1 ml) injections were done under brief halothane anesthesia. N L X was dissolved in 0.9% NaC l and CRH in sterile water. The number of animals was six to eight per group. The experimenter was blinded to the treatments.
Statistical anal ysis. Data are presented as means Ϯ SEM and are expressed in raw values, except paw volume and paw temperature, which are expressed as a percentage of control in graphs and in raw values in the text. Data were analyzed using the paired t test for dependent data, t test for independent normally distributed data, and Mann -Whitney test for independent not normally distributed data. Differences were considered significant if p Յ 0.05.
RESULTS

ICAM-1 is upregulated simultaneously with an enhanced immigration of ␤-endorphin-containing cells to inflamed paw tissue
Immunofluorescence revealed ICAM-1 on the vascular endothelium of some small vessels in noninflamed subcutaneous tissue ( Fig. 1 A, D) . ␤-Endorphin-positive cells were extremely scarce (Fig. 1 D) . In inflamed tissue, ICAM-1 was strongly expressed in the endothelium of small and large vessels (Fig. 1 B, C, E, F ) . Inflammation significantly increased the total number and the percentage of ICAM-1-positive blood vessels ( p Ͻ 0.001 and p Ͻ 0.01, respectively; paired t test) ( Table 1 ). There were also numerous cells expressing ␤-endorphin in the vicinity of ICAM-1-positive vessels (Fig. 1 E) . Intravenous pretreatment with IgG or anti-ICAM-1 (both at 4 mg/kg) did not significantly change the total number or the percentage of ICAM-1-positive blood vessels in inflamed or in noninflamed paws ( p Ͼ 0.05; ANOVA) ( Fig.  1C,F ; Table 1 ). However, anti-ICAM-1 significantly decreased the Control experiments using omission of anti-ICAM-1 or preabsorption of anti-␤-endorphin with ␤-endorphin revealed no immunoreactivity (data not shown).
Anti-ICAM-1 impairs the trafficking of opioidcontaining immune cells to inflamed paw tissue
For analysis by flow cytometry, immune cells isolated from the inflamed paws were pregated by staining with anti-CD45 to exclude debris and nonhematopoetic cells, such as fibroblasts or lipocytes (Fig. 2 A) . CD45 ϩ cells were further characterized into granulocytes, monocytes-macrophages and T cells, as described in Materials and Methods and by Rittner et al. (2001) . An intracellular stain for opioid peptides was then established: CD45 ϩ cells were stained with 3E7 or an isotype-matched control IgG2 a mAb and quantified (Fig. 2 B) . Twenty percent of CD45 ϩ cells were 3E7 positive (Fig. 2 B, bottom panel ) , whereas only 0.53% of these cells were stained with IgG2 a (Fig. 2 B, top  panel ) , demonstrating the specificity of the opioid staining. Corresponding results were obtained in another experiment in which 16% of CD45 ϩ cells contained opioid peptides (Fig. 3 , compare control groups in C, E). Specificity of the opioid staining was additionally demonstrated by dose-dependent and significant inhibition of 3E7 labeling by preincubation with ␤-endorphin but not with a control peptide (adrenocorticotropic hormone), as described by Rittner et al. (2001) . Because no immune cells were found in noninflamed paws, these were not processed for flow cytometry.
In the absence of inflammation, anti-ICAM-1 (4 mg/kg, i.v.) significantly increased the number of all leukocytes in the circulation (234 Ϯ 20 vs 365 Ϯ 35 ϫ 10 cells/l, control vs anti-ICAM-1; p Ͻ 0.01; t test) and of granulocytes (106 Ϯ 12 vs 194 Ϯ 23 ϫ 10 cells/l, control vs anti-ICAM-1; p Ͻ 0.01; MannWhitney test) and T cells (58 Ϯ 4.9 vs 87 Ϯ 6.0 ϫ 10 cells/l, control vs anti-ICAM-1; p Ͻ 0.01; t test). The number of monocytes-macrophages was slightly but significantly decreased by anti-ICAM-1 (12 Ϯ 1.4 vs 6.9 Ϯ 1.1 ϫ 10 cells/l, control vs anti-ICAM-1; p Ͻ 0.01; t test).
Inflammation increased the migration of immune cells to affected paws (Fig. 3C, control group) . The majority of these cells were granulocytes, followed by monocytes-macrophages and T cells (Fig. 3D, control groups) . Sixteen to 20% of immune cells contained opioid peptides (Figs. 2 B, bottom panel, 3E , control group). In the blood, anti-ICAM-1 (4 mg/kg, i.v.) significantly increased the total number of leukocytes, including all subpopulations, i.e., granulocytes, monocytes-macrophages, and T cells ( p Ͻ 0.05; t test) (Fig. 3 A, B) . Consistently, anti-ICAM-1 significantly decreased the total number of immunocytes, as well as granulocytes, monocytes-macrophages ( p Ͻ 0.01; Mann-Whitney test), and T cells ( p Ͻ 0.001; t test) in the inflamed paws ( 9.7 Ϯ 0.6* 2.7 Ϯ 0.1 46 Ϯ 2.5** 24 Ϯ 1.6 Anti-ICAM-1 (4 mg/kg, i.v.) 9.8 Ϯ 0.4* 2.6 Ϯ 0.1 47 Ϯ 1.7** 24 Ϯ 1.0
Data are expressed as means Ϯ SEM. *p Ͻ 0.001 and **p Ͻ 0.01 (paired t test) indicate statistically significant differences compared with respective noninflamed paws. There are no significant differences between different treatments in both inflamed and noninflamed paws (p Ͼ 0.05; ANOVA).
3C,D)
. Anti-ICAM-1 substantially decreased the number of leukocytes containing opioids in the inflamed paws ( p Ͻ 0.01; t test) (Fig. 3E) .
Anti-ICAM-1 decreases peripheral opioid analgesia
Six hours after intraplantar injection of Freund's adjuvant, rats developed inflammation, confined to the inoculated paw and characterized by hyperalgesia (decreased PPT) (Fig. 4 , top panel, Table 2 , inflamed compared with noninflamed paws of control group), swelling (increased paw volume, 1.6 Ϯ 0.04 vs 0.97 Ϯ 0.01 ml, inflamed vs noninflamed paw), and hyperthermia (elevated paw temperature, 36 Ϯ 0.2 vs 33.6 Ϯ 0.4°C, inflamed vs noninflamed paw) ( p Ͻ 0.001; paired t test). Anti-ICAM-1 (2-8 mg/kg, i.v.) did not cause any significant changes in hyperalgesia (baseline PPT) ( p Ͼ 0.05; t test) (Fig. 4,  top panel ) . This treatment significantly decreased paw volume (1.8 Ϯ 0.02 vs 1.6 Ϯ 0.05 ml, control vs 4 mg/kg anti-ICAM-1; p Ͻ 0.001; t test) (Fig. 4, middle panel ) and paw temperature (35 Ϯ 0.1 vs 34 Ϯ 0.03°C, control vs 8 mg/kg anti-ICAM-1; p Ͻ 0.001; Mann-Whitney test) (Fig. 4, bottom panel ) . No significant changes were observed in noninflamed paws ( p Ͼ 0.05; t test) (Fig. 4) .
Exposure of rats to swim stress produced potent analgesia in inflamed but not in noninflamed paws ( p Ͻ 0.001 and p Ͼ 0.05, respectively; paired t test) ( Table 2) . NLX (1.125 g) injected into inflamed paws significantly decreased stress-induced analgesia ( p Ͻ 0.001; t test) ( Table 2) . No significant changes were observed in noninflamed paws ( p Ͼ 0.05; Mann-Whitney test) ( Table 2 ). Subcutaneous NLX (1.125 g) did not significantly change stress-induced analgesia ( p Ͼ 0.05; t test; data not shown), demonstrating a peripheral site of action.
Anti-ICAM-1 (4 mg/kg, i.v.) strongly decreased stress-induced analgesia ( p ϭ 0.001; t test) (Fig. 5, top panel ) . This effect was slightly but significantly less compared with the effect of NLX (A, B) , anti-ICAM-1 significantly increases the total number of all leukocytes ( A), granulocytes, monocytes-macrophages, and T cells ( B) ( p Ͻ 0.05; t test). In inflamed paws ( C-E), anti-ICAM-1 significantly decreases the total number of all leukocytes ( C), granulocytes, monocytes-macrophages ( p Ͻ 0.01; MannWhitney test), T cells ( p Ͻ 0.001; t test) ( D), and opioid-containing leukocytes ( p Ͻ 0.01; t test) ( E). Opioid-containing leukocytes represent 16% (compare control group in C with control group in E) to 20% of all leukocytes (CD45 ϩ ) (Fig. 2 B, bottom) . Control (mouse IgG; 4 mg/kg, i.v.), white bars; 4 mg/kg anti-ICAM-1, black bars. Data are expressed as means Ϯ SEM. * indicates a statistically significant difference compared with respective controls. Because no immune cells were found in noninflamed paws, these were not processed for flow cytometry. (1.125 g) on stress-induced analgesia ( p Ͻ 0.05; t test) (Fig. 5 , top panel, 4 mg of anti-ICAM-1 compared with Table 2, 1.125 g of NLX). No significant changes were observed in inflamed paws after anti-ICAM-1 (2 and 8 mg/kg) or in noninflamed paws after any treatment ( p Ͼ 0.05; t test) (Fig. 5, top panel; Table 2 ).
Bilateral intraplantar CRH (4 ng) produced analgesia in inflamed but not in noninflamed paws ( p Ͻ 0.001 and p Ͼ 0.05, respectively; paired t test) ( Table 2) . CRH-induced analgesia was blocked by intraplantar NLX (140 ng); no significant changes were observed in noninflamed paws ( p Ͻ 0.001 and p Ͼ 0.05, respectively; t test) (Table 2) , after subcutaneous NLX (140 ng) or after subcutaneous CRH (8 ng) ( p Ͼ 0.05; t test; data not shown), demonstrating a peripheral site of action.
Anti-ICAM-1 (4 mg/kg, i.v.) substantially reduced CRH (4 ng)-induced analgesia ( p ϭ 0.01; t test) (Fig. 5, bottom panel ) . This effect was slightly but significantly less compared with the effect of NLX (140 ng) on CRH (4 ng)-induced analgesia ( p Ͻ 0.001; t test) (Fig. 5, bottom panel, 4 mg of anti-ICAM-1 compared with Table 2 , 140 ng of NLX). No significant changes were observed in noninflamed paws ( p Ͼ 0.05; t test) (Fig. 5 , bottom panel; Table 2 ).
DISCUSSION
The major finding of this study is that blocking of ICAM-1 dramatically decreases opioid-mediated analgesia and the extravasation of opioid-containing cells in inflammation, indicating that ICAM-1 is an important molecule governing intrinsic pain control in injured tissue. In the present and previous studies, we showed that our stress paradigm (cold water swim) and CRH produce opioid receptor-specific peripheral analgesia because the effects were dose dependently abolished by local (intraplantar) but not by systemic (subcutaneous and intravenous) treatment with opioid receptor antagonists and Abs against opioid peptides (Stein et al., 1990a; Schäfer et al., 1994) . Furthermore, this analgesia can be blocked by immunosuppression with cyclosporine or whole-body irradiation (Stein et al., 1990b; Przewlocki et al., 1992; Schäfer et al., 1994) , indicating that immune cells are the source of opioid peptides. Consistently, using flow cytometry, we showed here that a substantial portion of opioid-containing leukocytes migrate to inflamed paws. The majority of immune cells were granulocytes, followed by monocytes-macrophages. T cells represented the smallest population at this early stage of inflammation. The present immunofluorescence experiments also revealed numerous cells expressing ␤-endorphin in inflammation, whereas in noninflamed tissue, they were virtually absent. These findings are in line with our previous studies (Przewlocki et al., 1992; Cabot et al., 1997; Rittner et al., 2001) . Previously, we showed that the predominant endogenous stimulus for the release of opioid peptides at later stages of inflammation is CRH. This release is CRH receptor specific and calcium dependent (Schäfer et al., 1994 (Schäfer et al., , 1996 Cabot et al., 1997 Cabot et al., , 2001 ). Here we found that the local application of CRH elicits potent peripheral opioid receptor-specific analgesia also at this early stage and, importantly, that CRH-induced analgesia is substantially diminished by anti-ICAM-1.
The most likely mechanism of the anti-ICAM-1-mediated decrease of peripheral analgesia is an impaired migration of opioidcontaining immune cells. We found constitutive expression of ICAM-1 in noninflamed tissue and ICAM-1 upregulation on endothelium of small and large vessels in inflammation. Similar findings were reported for other inflammatory diseases in animals and humans (Szekanecz et al., 1994; Bennett et al., 1997; Salmi et al., 1997; Veihelmann et al., 1999) . ICAM-1 has been proposed to be primarily involved in firm adhesion of leukocytes, which carry its major ligands ␤ 2 (CD18) integrins, lymphocyte-function associated antigen-1 (CD11a/CD18), and Mac-1 (CD11b/CD18). As a consequence of the interactions between ICAM-1 and its ligands, leukocytes leave the circulation and migrate to inflammatory foci (Beekhuizen et al., 1993) . In agreement with this concept, our flow cytometry experiments show that, in both the absence and presence of inflammation, anti-ICAM-1 increased the number of circulating leukocytes. The anti-ICAM-1-induced drop of circulating monocytes-macrophages in the absence of inflammation could be attributable to sequestering effects of intact Abs [in contrast to F(abЈ) 2 fragments] (Mulligan et al., 1994) . Such effects are apparently overcompensated in inflammation. Importantly, anti-ICAM-1 significantly reduced the immigration of granulocytes, monocytes-macrophages, and T cells into the inflamed tissue. Impaired immune cell extravasation resulting from ICAM-1 inactivation was also shown by others (Sligh et al., 1993; Bullard et al., 1996; Bennett et al., 1997) . Our study extends these observations in that anti-ICAM-1 substantially decreased the migration of opioid-containing leukocytes to the inflamed paws. This is shown by both our flow cytometry and immunofluorescence experiments. Anti-ICAM-1 did not significantly change the vascular expression of ICAM-1 but apparently impaired its function because less immunocytes extravasated into the inflamed tissue. Together, our findings strongly suggest that blockade of ICAM-1 on vascular inflamed endothelium reduces endogenous analgesia that is normally generated by immune cell-derived opioids.
The effects of anti-ICAM-1 were potent and similar to the effects of NLX on stress-and CRH-induced analgesia. Our finding that a high dose of anti-ICAM-1 tended to loose its blocking effect is in line with other studies reporting stimulatory effects of mAbs (Clayton et al., 1998; Vuorte et al., 1999) and with therapeutic effects of mAbs that strongly vary with their dosage (Bach et al., 1993; Willenborg et al., 1993) . Notwithstanding, anti-ICAM-1 is very effective in attenuating intrinsic opioid analgesia in our model. In contrast, to achieve an optimal effect on inflammation, ICAM-1 had to be blocked simultaneously with other adhesion molecules (Kakimoto et al., 1992; Issekutz, 1998; McCafferty et al., 1999) . Thus, our findings point to a specific role of ICAM-1 in intrinsic pain control. This is further supported by our observation that macroscopic inflammatory parameters, such as paw edema and temperature, were essentially unchanged. This may be explained by a lack of influence of anti-ICAM-1 on the Figure 6 . Schema of immune mechanisms in peripheral opioid analgesia. Subcutaneous inflammation leads to an increased centrifugal transport of opioid receptors (OR) from dorsal root ganglia (DRG) and to their consequent upregulation on peripheral terminals of sensory neurons (left). P-Selectin and ICAM-1 are upregulated on vascular endothelium, and L-selectin is coexpressed by immune cells producing opioid peptides (EOP). L-and P-Selectin mediate rolling of opioid-containing immunocytes along the vessel wall. ICAM-1 mediates adhesion and diapedesis of these leukocytes from the circulation to inflamed tissue. Selectins and ICAM-1 interact with their respective ligands. In response to stress (cold water swim) or CRH, immune cells secrete opioid peptides. CRH is produced by local inflammatory cells and releases opioids by interacting with CRH receptors (CRHR). Opioid peptides bind to peripheral opioid receptors and interrupt nociceptive transmission. Blockade of selectins (Machelska et al., 1998) or ICAM-1 (present study) diminishes the migration of opioid-containing immunocytes to inflamed tissue, resulting in severely impaired endogenous pain inhibition. vascular component of Freund's complete adjuvant-induced paw inflammation. Other studies have also shown a lack of correlation between cellular (leukocyte accumulation) and vascular (edema, plasma extravasation, and vasodilatation) components of inflammation after anti-adhesion treatments (Nwariaku et al., 1996; Taylor et al., 1997; De Mora et al., 1998) . Furthermore, hyperalgesia (i.e., baseline PPT) was not significantly changed by anti-ICAM-1. This could be explained by a lack of the influence of ICAM-1 on the migration of cells containing hyperalgesic cytokines or transmitters (e.g., 5-hydroxytryptamine, histamine, nerve growth factor, substance P, or calcitonin gene-related peptide) (Dray et al., 1994; Shu and Mendell, 1999; Machelska et al., 2001; Cunha and Ferreira, 2002) . In addition, anti-ICAM-1 is unlikely to block the release of nerve-derived substance P and/or calcitonin gene-related peptide. On the other hand, although anti-ICAM-1 diminished the immigration of opioid-containing leukocytes to inflamed paws, their nociceptive baseline thresholds were not decreased. This may be attributable to a lack of sensitivity of our paw pressure assay. It is also possible that the endogenous opioid system is not essential for tonic pain control in our model. This would be consistent with several studies using opioid receptor antagonists or mice lacking either opioid receptors or opioid peptides, which have shown no changes in basal nociceptive transmission in acute and inflammatory pain (Roques et al., 1993; Mogil and Grisel, 1998; Qiu et al., 2000) . Furthermore, we showed previously that immune cells need to be stimulated by stress or CRH to release opioid peptides and produce analgesia (Schäfer et al., 1994 (Schäfer et al., , 1996 Cabot et al., 1997 Cabot et al., , 2001 ). Our present observations also suggest that ICAM-1 has no major influence on other immune cell-derived analgesic substances, such as acetylcholine or analgesic cytokines (interleukin-4, -10, and -13 and interleukin-1 receptor antagonist) Cunha and Ferreira, 2002) . In summary, it seems that, in our model, ICAM-1 plays a specific role in the recruitment of opioidcontaining cells and comes into play when this intrinsic system is activated to cope with inflammatory pain.
What is the clinical significance of our findings? ICAM-1 blockade has been proposed as a novel anti-inflammatory strategy (Iigo et al., 1991; Kakimoto et al., 1992; Kavanaugh et al., 1994; Bullard et al., 1996; Bennett et al., 1997; Bendjelloul et al., 2000) . Our studies indicate that ICAM-1 blockade can result in severely impaired endogenous pain inhibition. Thus, in addition to other reported detrimental effects (Marvin et al., 1998; Samoilova et al., 1998; McCafferty et al., 1999) , pain may be exacerbated after anti-ICAM-1 treatments.
In conclusion, ICAM-1 is an important molecule promoting the endogenous control of inflammatory pain (Fig. 6) . Blocking of ICAM-1 expressed on vascular endothelium strongly reduces local intrinsic and CRH-induced opioid analgesia. This results from a decreased extravasation of opioid-containing immune cells infiltrating the inflamed tissue. Because analgesic effects of endogenous immune-derived opioids are potent in the clinical setting (Stein et al., 1993) , it is important that future therapeutic strategies aimed at limiting the adhesion of harmful cells in inflammatory diseases (e.g., rheumatoid arthritis) do not interfere with the migration of opioid-containing cells promoting pain control.
